Therapeutic use of high-amplitude pressure waves, or shock wave therapy, is emerging as a popular method for treating musculoskeletal disorders. However, the mechanism(s) through which this technique promotes healing are unclear. Finite element models of a shock wave source and the foot were constructed to gain a better understanding of the mechanical stimuli that shock wave therapy produces in the context of plantar fasciitis treatment. The model of the shock wave source was based on the geometry of an actual radial shock wave device, in which pressure waves are generated through the collision of two metallic objects: a projectile and an applicator.
Introduction
Plantar fasciitis is a painful condition in the tough band of connective tissue along the sole of the foot, affecting ten percent of the general population during the course of a lifetime (Crawford et al., 2002, Rome and Saxelby, 2005) . Shock wave therapy, a therapeutic use of high-amplitude transient pressure waves, is an increasingly popular treatment method for plantar fasciitis, especially in the cases where conservative treatments such as stretching, taping or orthoses fail to be effective (League, 2008 , Rome and Saxelby, 2005 . Shock wave therapy (SWT) was originally developed as a non-invasive technique for breaking kidney stones, but the scope of its application quickly widened. Currently, SWT is used to treat a number of musculoskeletal disorders including: plantar fasciitis, Achilles tendinitis, patellar tendonitis, and others (Wang, 2012) . There are two forms of SWT: focused and radial. In focused shock wave therapy (fSWT) the whole energy of a shock wave is concentrated in a small treatment zone within the body. In radial shock wave therapy (rSWT) the pressure is generated through the collision of two metal objects: a compressed air-driven 'projectile' and an 'applicator' which is pressed against the skin with a force of over 30 N and coupled with an ultrasound gel.
From the surface of the body, pressure waves spread in all directions, eventually reaching the affected zone. In-vitro experiments show that this method generates maximal positive and negative pressure (P + and P -, respectively) near the applicator tip of up to 10 MPa, and an energy flux density (EFD) in the low-to-medium range (EFD< 0.28 mJ mm -2 ) (McClure and Dorfmuller, 2003) . However, both the pressure amplitude and the energy drop rapidly with distance and may be substantially lower in the treatment zone. In contrast, fSWT generates P + of up to 100 MPa in the treatment zone, although P -is one order of magnitude lower. For a typical pressure waveform generated by rSWT in water the frequency content is mainly below 100 kHz (Cleveland et al., 2007) meaning that wavelengths of approximately 15 mm or more should be dominant.
The rSWT treatment for plantar fasciitis typically consists of 3-6 sessions, each involving 1000-4000 impulses delivered at 10-20 pulses per second using a 15 mm diameter applicator . Clinical studies indicate that SWT is successful in managing plantar fasciitis and other musculoskeletal disorders (Wang, 2012) . Recent studies show that rSWT may be as effective as fSWT for this particular application (Chang et al., 2012) . However, the mechanisms through which pressure waves act to enhance the healing process is still unknown (Wang, 2012) . Current hypotheses include cavitation-induced micro-injury leading to neovascularisation (Chow and Cheing, 2007 , Delius et al., 1995 , Murata et al., 2007 , biological response at the cellular level (Tamma et al., 2009) , and pain management through the reduction of afferent sensory fibres (Ohtori et al., 2001) . While being supported by experimental evidence, these existing theories do not provide a clear link between the mechanical stimulus and the induced favourable biological response. This is largely due to the fact that the pressure field that radial shock wave therapy generates in a non-homogeneous medium such as the human body is still not well explored; a recent modelling study on fSWT shows that the pressure field in the foot, including the focal region, differs significantly from that generated in experimental phantoms (Fagnan, 2010) . In the research reported in this paper, finite element models of the radial shock wave device and foot were created to simulate the effect of rSWT for plantar fasciitis. The primary aim was to gain information on the pressure and energy fields generated by this therapeutic method in the anatomical structures of the foot. Also, the effect of the interfacing between the applicator and the foot was examined. Finally, the effect of more than one shock wave pulse was explored.
Methods

Finite element models
The finite element model of the shock wave device is shown in Figure 1a . The model was based on an actual shock wave hand piece with a standard 15 mm applicator. Only the front portion of the device was represented, as the process in which the projectile is accelerated was not simulated. The model comprised of the projectile, applicator, casing, and the two o-rings on which the applicator is suspended in the casing. The dimensions of the components were obtained from a shock wave device that was provided courtesy of the clinicians from the Royal Surrey County Hospital, Guildford, UK, with permission from the manufacturer. The applicator and the projectile were made of steel. The casing was represented as a rigid body. A compressible Mooney-Rivlin hyperelastic material model characterized by three constants (C 01 , C 10 , and D 1 ) was used for the o-rings ( Table 1 ).
The foot geometry was reconstructed from MR images taken from a healthy volunteer (Figure 1b) . The scans were obtained at 0.8 mm intervals in the sagittal plane using a Siemens Avanto MRI device, 1.5 T (Royal Surrey County Hospital, Guildford, UK). The segmentation was performed using the Simpleware software (Simpleware Ltd., Exeter, UK). The strategy for modelling was geared towards accurately capturing the transmission of pressure waves through the structures of the foot with emphasis on the region where the shock waves are applied. When representing the joints priority was placed on avoiding spurious discontinuities rather than on reproducing joint kinematics. The calcaneus, talus, tibia, and fibula were reconstructed as separate entities whereas the bones of the forefoot and hindfoot were fused into a single entity.
The articulations were filled with 'cartilage tissue' representing all the tissues in a joint. The cartilage fused the adjacent bones together, thus assuring the continuity of wave transmission.
The central portion of the plantar fascia and the Achilles tendon were reconstructed as threedimensional objects and were fully embedded in the surrounding soft tissue, which was modelled as a single entity. Material models for the foot components were selected from published finite element models of the foot (Lemmon et al., 1997 , Jacob and Patil, 1999 , Verdejo and Mills, 2002 , Cheung et al., 2006 , Goske et al., 2006 , Tao et al. 2009 , Shin et al., 2012 . Preliminary numerical testing was carried out to assess a number of published material models for the plantar soft tissue and to test the effect of mesh size on the predicted pressure wave. The testing was performed by simulating the application of the shock wave device to a semi-infinite domain using different soft tissue material models and element sizes. To assess the material models the results for the generated pressure were compared with published data from in-vitro experiments (Cleveland et al., 2007, Ueberle and Rad, 2012) . It was found that the material models which provide realistic acoustic properties of the soft tissue (i.e., longitudinal wave speed Table 1 . A density of 1000 kg m -3 is assumed if not otherwise stated.
All components of the device and foot models were meshed with constant stress fournoded tetrahedral elements with reduced integration. These elements are not prone to hourglassing, but they may exhibit volumetric locking for nearly incompressible materials. To avoid the latter the element formulation with additional node averaging of pressure (Halquist, 2003) was implemented for the o-rings and soft tissue. The meshing was performed using the ANSYS Workbench -Design Modeller (ANSYS Inc., Pittsburgh USA). A patch-independent meshing method was used in order to create a uniformly distributed mesh size suited for explicit dynamic simulations. The numerical testing carried out on a semi-infinite soft tissue domain suggested that the coarser mesh has a smoothing effect on the calculated pressure wave but it does not critically affect its key parameters, providing that the element size is 2 mm or smaller.
Thus, for a 50 µs pressure waveform at 1 mm from the applicator tip, the values of P + , P -, and EFD obtained using 1.5 mm and 2 mm elements were within 10% of those obtained using 1 mm elements. On the other hand, the values of P + , P -, and EFD obtained using 2.5 mm and 3 mm elements were more than 30% lower than those obtained using the 1 mm elements.
Consequently, the (maximum) element size of 2 mm was set for all foot components to assure accuracy at a reasonable computational cost. This is equivalent to fitting about 10 elements per typical wavelength, and it is consistent with the recommendation of theoretical studies (Bazant, 1978, Ham and Bathe, 2012) . The device had to be meshed with smaller elements (0.5 mm for orings and 1 mm for the rest of the components) in order to preserve the shape accurately.
Simulation of shock wave therapy
The LS-DYNA finite element software (LS-DYNA Version 971, Livermore Software Technology Corp., Livermore, CA), was used to carry out the simulations. The shock wave device was positioned so that its axis of symmetry passed through the most affected segment of the plantar fascia near the insertion into the calcaneus (see Figure 1b) . A tied contact was implemented between the components of the foot. For all components except the tibia, a nonreflecting boundary was implemented at the top surface, where the foot was 'cut' from the leg, in order to account for the waves being transmitted into the top portion of the leg. The top of the tibia, which stretched a further 90 mm upwards (Figure 1b) , was fully constrained to provide static stability.
The dynamic simulation of the projectile-applicator collision was preceded by a static pre-load phase in which a force of 50 N was applied to the casing of the device in order to simulate the pre-load performed by clinicians. In the pre-load phase, the casing was restrained to move only in the axial direction and a sliding contact without friction was assigned between the applicator and the foot. For impact simulation the casing was fully constrained. In order to examine two extreme cases of device-foot interfacing the contact between the applicator and the foot was either set to tied, representing perfect interfacing, or it was kept as sliding, representing inadequate interfacing, e.g. due to a lack of coupling gel. The tied contact was chosen as the default. The initial condition was defined in terms of the projectile speed (V 0 ). Following experimental data provided by Benoit et al. (2009) , three values of V 0 were considered: 9 m s -1 , 12.3 m s -1 , and 14.9 m s -1 . These values correspond to the device driving pressure settings of 1 bar, 2 bar, and 3 bar or more. The projectile speed of 12.3 m s -1 was chosen as the default. To simulate two shock wave pulses, two projectiles were used, and they were set to impact the applicator 50 ms apart. The time step ( t ∆ ) was of the order of 10 -8 s and was determined automatically based on the condition that for each element
, where d is the characteristic length of the element. The time step was adjusted dynamically during the simulation. Quasi-dynamic simulations with mass-weighted system damping were used for the pre-load phase by applying a global damping coefficient of 
Results
The collision between the projectile and the applicator generated a stress wave in both objects.
The projectile and applicator stayed in contact for approximately 10 µs during which time stress of the order of 10 2 MPa was generated. The duration of contact corresponds to the time needed for the stress wave to travel from the rear to the front end of the applicator and back. When the projectile and applicator separated, there were standing waves in both objects with an amplitude ρ which can be interpreted as maximal speed at the applicator tip multiplied by the acoustic impedance of the soft tissue. Figure 2b shows the pressure wave at the point where the axis of symmetry of the applicator crosses the plantar fascia. The pressure here was substantially lower than at the surface but the linear relation between V 0 and P + was preserved. Figures 2c and 2d show the comparison of the results for tied and sliding contacts between the applicator and the foot at the surface and at the plantar fascia, respectively. The positive peak in pressure waveforms were almost the same for the two types of contact examined. However, the amplitude fell much more rapidly, and the negative pressure was far less pronounced for the sliding contact. Figure 3 illustrates the general pattern of the pressure field generated in the foot. The section plane of the second ray displayed in the figure passes mid-way through the second metatarsal. The limits for the pressure contours are intentionally set at a low value of ± 0.1 MPa in order to easily identify zones of positive pressure (bright-shaded) and negative pressure (darkshaded) in all foot components. The time (τ ) is measured from the moment of projectile impact.
At τ =1.5 s µ , the stress wave had been generated in the applicator and the projectile, but it still did not propagate into the soft tissue of the foot. Thus, the pressure in the foot was entirely due to pre-loading. At τ =18.5 s µ , the initial compression-rarefaction wave had been generated in the soft tissue and it traversed the plantar fascia reaching the calcaneus. The wavelength of this wave was approximately 20 mm. At τ =28.5 s µ , the first wave had progressed into the calcaneus and was followed by a train of compression-rarefaction waves. These waves emanated from the stress wave in the applicator and had a slightly shorter wavelength than the initial wave. It can be seen that the pressure waves changed direction when they progressed from the soft tissue into the bone, and that in the bone they propagated faster than in the soft tissue. This is even more obvious in the pressure distribution at τ =38.5 s µ , at which point the initial pressure wave passed through the superior surface of the calcaneus. Figure 4 shows the distribution of P + , P -, and maximal von Mises stress recorded for
Pressure field and EFD
. The pre-load values of pressure/stress were subtracted so that the calculated fields apply to the effect of the shock wave alone. It can be seen from Figures 4a and 4b that for P + and P -the region of highest pressure stretches from the surface of the soft tissue to the boundary of the calcaneus including a short portion of the plantar fascia near the insertion.
Beyond the limits of the calcaneus, the values of P + and P -were negligible. In contrast, from Figure 4c it can be seen that the region of highest von Mises stress was in the calcaneus and in the portion of the plantar fascia near the insertion into the calcaneus. The highest value of von
Mises stress was in the calcaneus and it equalled 3.7 MPa.
In order to obtain further quantitative information on the pressure field and EFD, their distribution was examined in more detail along the direction of the axis of symmetry of the applicator, up to 30 mm distance from the surface. The energy density was calculated from 
Multiple Pulses
The effect of more than one shock wave pulse is illustrated in Figure 7 which shows pressure waveforms at the surface of the foot as well as the fluctuation of total energy (strain + kinetic) for the foot and plantar fascia. The pressure trace shown in Figure 7a indicates that the pressure was dissipated within 0.5 ms from the impact. The energy of the foot (Figure 7b ), which equalled 40 mJ after the preload phase, jumped to 68 mJ after the first pulse. Given that the initial energy of the projectile equalled 256 mJ, this means that approximately 11% of its energy was delivered to the foot. The bulk of the energy was stored in the soft tissue (90%), followed by the plantar fascia and the calcaneus. The energy stored in the foot after the first pulse remained largely unchanged between the two successive pulses. The second shock wave pulse added an additional 28 mJ of energy, which indicates the possibility of the cumulative effect of multiple pulses. The same effect was observed for the plantar fascia which received about 1.1 mJ of energy (0.45% of the projectile energy) with each successive pulse (Figure 7c ).
Discussion and Conclusions
The results for the pressure traces at, or just below, the front surface of the applicator were in good general agreement with in-vitro experimental results obtained by Cleveland et al. When the pressure wave propagated into the interior of the foot, it was affected by the complex shape of the foot components and their different material properties. The pressure wave moved through the interface between the soft tissue and plantar fascia without much interference, but it was strongly affected by the interface between the bone and the soft tissue. The pressure amplitude fell considerably when the wave propagated into the bone, in spite of its acoustic impedance being higher than that of the soft tissue. The explanation may be that the incident longitudinal wave reaching the bone splits into transmitted longitudinal and shear waves, with the transmitted shear wave carrying much of the energy. This conclusion is supported by the fact that the von Mises stresses generated by the pressure wave are the highest in the calcaneus. The same effect was reported by Cleveland and Sapozhnikov (2005) in the context of fSWT lithotripsy, and by Fagnan (2010) in the context of fSWT treatment of musculoskeletal disorders.
This result also indicates that the plantar fasciitis shock wave treatment may have a secondary, in some cases possibly adverse, effect on the calcaneus.
Two contact types between the applicator and the soft tissue were examined: the tied contact, representing perfect interfacing, and the sliding contact representing the least effective interfacing. While the contact type did not have a significant effect on P + , it strongly affected both P -and EFD, which were both much lower in the case of the sliding contact. This result emphasizes the need for proper interfacing between the applicator and the tissue in clinical applications. It should be said that in reality, the coupling gel may not provide perfect acoustic coupling, meaning that perfect interfacing is not achievable in practice.
The results suggest that there may be a cumulative effect on the strain energy in the foot for multiple shock wave pulses. This is in spite of the fact that the pressure dissipated quickly, and it can be attributed to the shearing of the soft tissue which is propagated at a much lower speed (20 m s -1 or less) than the pressure waves. While the shear waves can still traverse the foot several times between two shock wave pulses, the bulk of them are reflected back and do not reach the non-reflective boundary at the top of the foot. Consequently, the energy inside the foot remains almost constant. It should be said that with large number of successive pulses, nonlinear effects may eventually lead to saturation. Also, tissue viscoelasticity, which was not considered in this study, may in reality act to diminish or completely dismiss the energy accumulation. Nevertheless, the energy accumulation effect deserves further attention in future studies, which should consider large number of pulses and viscoelasticity of the soft tissues.
The model predicts that the magnitude of negative pressure at the plantar fascia and the surrounding soft tissue can be beyond 1.5 MPa, which is the lowest threshold for the onset of cavitation in the tissue as suggested by Coleman et al. (1995) . Therefore, cavitation could potentially play a role in enhancing the healing process. If cavitation indeed is an important healing mechanism, this may explain why some clinical studies conclude rSWT is equally effective in treating plantar fasciitis as fSWT (Chang et al., 2012) , as negative pressures generated by the two methods are of the same order of magnitude. A more rigorous analysis of the feasibility of this physical mechanism is required before any firm conclusions are made.
The objective of this study was to gain a general picture of the pressure field generated in the entire foot by the rSWT treatment. In order to construct a finite element model of the whole foot that can be run at a reasonable computational cost, the soft tissue was represented as a single entity and meshed so that only the dominant wavelengths were captured. While the preliminary numerical testing conducted on a simple geometry suggested that the mesh used in this model should be sufficiently fine to accurately capture key pressure wave parameters, this conclusion will not necessarily translate to a geometrically complex non-homogeneous object such as the human foot. As one of the conclusions from this study is that the effective region of the rSWT treatment is in the immediate vicinity of the source, it can be said that the future models could focus on a small segment of the foot which could then be presented in a more detailed way in terms of the geometry, material properties of different soft and connective tissues, and the mesh size. In addition, the effect of more elaborate material models on the results should be pursued in the future modelling studies, including the effect of viscosity (for the soft tissues), poroelasticity, and inhomogeneity (for the bone). Finally, it should be stressed that experimental validation is needed before any definite conclusions are drawn from the results of this study. 
